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ABSTRACT 

Although numerous articles have been published on insect phytogeny using a great variety of techniques, 
there is no consensus on the nature of the first winged insects, the ancestors of holometabolous insects or the 
causes for the origin of metamorphosis. This discord has resulted in the lack of secure foundations within 
entomological theory. However, several recent articles provide key information which may help to resolve 
some of the long-standing disputes. Some biologists have argued that the first winged insects might have 
been amphibiotic rather than terrestrial and that metamorphosis might have originated as an adaptation to 
amphibiotic life. Thus entomological theory may now be passing through a paradigm shift where, for the 
first time, the phylogenetic tree for all insects may be firmly rooted. 
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INTRODUCTION 

Ideas about the origin and evolution of insects can be traced back to Aristotle, but 
entomologists still do not understand the interrelationships of insect orders and have 
not reached consensus on the origin and appearance of the first holometabolans (Bitsch 
et al. 2004). One of the greatest controversies in entomology concerns the rooting of 
the phylogenetic tree for winged insects, and the stems of the different orders. Without 
knowledge of the ground plan of a taxon there is no basis for objective comparison with 
other taxa (Willmann 1997). Although DNA sequence data are now available from 
most major insect orders (Giribet & Ribera 2000; Whiting 2002; Bitsch et al. 2004), 
there has been a lack of coordination of studies and it has been said that the whole of 
our efforts is little greater than the sum of its parts (Caterino et al. 2000). Although 
cladistics or phylogenetic systematics has helped to sort out many relationships, it also 
has inherent limitations and is not capable of resolving ancestor-descendant relationships 
because these appear as sister groups that originated simultaneously (Krell & Cranston 
2004). This suggests that Lepidoptera and Trichoptera are equally ancient, even though 
Trichoptera are known from much earlier in the fossil record (Carpenter 1992). This 
leads to the conclusion that there is a hypothetical gap in the fossil record of Lepidoptera 
(Toms 1985). If Lepidoptera and Trichoptera are seen as sister groups, this presupposes 
a concept of evolution and it is therefore reasonable to investigate the nature of the 
hypothetical ancestor of each group. Ultimately, there should be agreement between 
morphology, molecular phylogenetics, developmental biology and theoretical biology. 
Unfortunately, the hypothetico-deductive method has not been fully utilized, and thus 
key issues have been ignored. For example, theoretical entomology suggests that the 
amphibiotic orders Ephemeroptera, Odonata, Plecoptera, Megaloptera and Trichoptera 
may be critical orders in the evolution of insects, yet they have been omitted from many 
molecular studies (e.g. Caterino et al. 2000). 
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Most hypotheses about the origin and evolution of insects can he accommodated in 
one of two opposing models (Table 1), an aquatic model (Toms 1984fl, 1986) or a 
terrestrial model (Little 1990; Pritchard etal. 1993). Acompromise between these models 
has also been proposed (e.g. Kukalova-Peck 1978). A solution to this dispute could 
have a dramatic impact on entomological theory, especially if it is resolved in favour of 
the aquatic model, as the terrestrial model has been considered as one of the dominant 
paradigms of the last century. 

The choice of a root has profound effects on the major branches of the phylogenetic 
tree. In the terrestrial model, the ancestors may have resembled cockroaches which are 
known to exist early in the fossil record (Carpenter 1992). The choice of a terrestrial 
candidate for the ancestor of all winged insects is a matter which needs to be resolved 
by those who support the terrestrial model. This insect may have played a crucial role 
in the evolution of winged insects. In the terrestrial model it is accepted that all aquatic 
insects are secondarily aquatic. If this is the case, numerous independent adaptations to 
aquatic life occurred. Although the terrestrial model received the majority of support in 
the last century, and most research has been channelled in this direction (Little 1990; 
Truman & Riddiford 1999), progress in substantiating such a theory has been 
disappointing. In fact, Caterino et al. referred to the state of insect molecular systematics 
in 2000 as a ‘thriving Tower of BabeT. Since then, some progress has been made 
(Wheeler et al. 2001; Bitsch et al. 2004), but there is still no generally accepted 
hypothetical (or real) ancestor for the winged insects or the holometabolous insects, 
and no generally accepted explanation for the origin of wings and metamorphosis. 

In contrast, according to the aquatic model, the ancestors of insects were Crustacea 
(Hansen 1893; Crampton 1918; Regier & Shultz 1997; Shcherbakov 1999) and the 
ancestors of winged insects resembled primitive mayfly larvae (Gegenbaur 1874; Toms 
1984fl). According to this model the ancestors of winged insects were aquatic and the 
first winged insects were amphibiotic, with aquatic larvae and terrestrial adult stages. 
In the aquatic model, metamorphosis originated as an inevitable consequence of an 
amphibiotic life cycle, with the adults adapting to terrestrial life while the larvae remained 
aquatic. In amphibiotic insects such as Odonata or Ephemeroptera, the aquatic larval 
stages and terrestrial adults are different and the changes occur with a change in habitat 
at metamorphosis. It is thought that an aquatic life-style was an initial characteristic of 
larvae of the amphibiotic orders Ephemeroptera, Odonata, Plecoptera, Megaloptera 
and Trichoptera. Accordingly, the larval stages of insects became terrestrial independently 
on several occasions. The most important plesiomorphic characters are those relating 
to the aquatic life of the juvenile stages, and some of the major branches of the 
phylogenetic tree should comprise the primitive amphibiotic orders. Many important 
apomorphic characters are associated with adaptations to terrestrial life in larvae. Despite 
these considerations, the aquatic model has not been fully explored. Nevertheless, a 
great deal of progress has been made recently and we may now be moving towards a 
paradigm shift where the phylogenetic tree for all insects could be firmly rooted for the 
first time. 

Another possibility is a compromise between the aquatic and terrestrial models as 
suggested by Kukalova-Peck (1978). Starting from a distant aquatic ancestor (all 
terrestrial arthropods must have evolved from an aquatic ancestor at some time), it is 
suggested that the ancestors of winged insects left the water and then returned to water 
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TABLE 1 


Some of the major differences between the Aquatic Model and the Terrestrial Model presented, 
approximately in chronological order. 


The Aquatic Model 

The Terrestrial Model 

Insect ancestors were aquatic, related to primitive 
Crustacea. 

Insect ancestors were terrestrial, related to 
primitive Myriapoda. 

Ancestors of winged insects (Pterygota) were 
aquatic and resembled Ephemeroptera 
(mayfly) larvae. 

Ancestors of Pterygota were terrestrial and 
resembled Zygentoma (silverfish). 

The first Pterygota were amphihiotic, with 
aquatic larvae and terrestrial adults. 

The first Pterygota were terrestrial in all life 
stages. 

Arthropod tracheal respiratory systems 
developed several times. In early Pterygota 
they developed in the terrestrial adult stage. 

Tracheal respiratory systems of all insects 
were derived from unknown terrestrial 
arthropod ancestors. 

Wings are equivalent to gills of mayfly 
larvae, and evolved from existing ancient 
organs that can be traced back to Crustacea. 

Insect wings are new developments which 
originated as paranotal lobes and were first 
used for gliding. 

Holometabolous larval legs and prolegs had a 
common origin with the legs of adult insects. 

Holometabolous larval legs and prolegs are 
new developments and are not equivalent to 
adult legs. 

The most primitive living Pterygota are 
Ephemeroptera. 

The most primitive living Pterygota may be 
Blattodea. 

Metamorphosis originated as an inevitable 
adaptation to an amphihiotic life style. 

Metamoiphosis originated in a teiTestrial 
hemimetabolan or early holometabolan as an 
adaptation enabling resource partitioning. 

Terrestrial hemimetabolous insects such as 
Blattodea, Orthoptera and Hemiptera evolved 
from amphihiotic ancestors like 

Ephemeroptera and Plecoptera. 

Amphihiotic orders such as Ephemeroptera, 

Odonata and Plecoptera evolved from 
terrestrial ancestors like Blattodea. 

Amphihiotic holometabolous insects such as 
Megaloptera and Trichoptera evolved from 
amphihiotic ancestors, which may or may not 
have been hemimetabolous. 

Amphihiotic holometabolous insects such as 
Megaloptera and Trichoptera evolved from 
terrestrial holometabolous insects. 

Terrestrial holometabolous insects such as 
Coleoptera, Lepidoptera and Diptera evolved 
from amphihiotic holometabolous insects 
such as Megaloptera and Trichoptera. 

Terrestrial holometabolous insects evolved 
from terrestrial hemimetabolous insects and 
the aquatic larvae of Megaloptera and 

Trichoptera are secondarily aquatic. 


again to give rise to Ephemeroptera, Odonata and Plecoptera. Once this had occured, 
complete metamorphosis could have originated in amphihiotic insects, as suggested in 
the aquatic model. Eventually it may he necessary to accept that the ancestors of 
Ephemeroptera were terrestrial, hut there is still no compelling evidence for this entirely 
hypothetical terrestrial stage (Sinitshenkova 2002; Zherikhin 2002). Ephemeroptera 
are the most primitive winged insects (Engel & Grimaldi 2004), hut all living examples 
have aquatic larvae and there is no evidence that the first Ephemeroptera had terrestrial 
larvae. Before metamorphosis evolved, one set of genes presumably determined the 
morphology of the larvae and the adults, so hoth aquatic and terrestrial stages of an 
amphihiotic insect would have been adversely affected by this limitation until 
metamorphosis and/or phase-specific genes evolved (Toms 1984/?). The recently 
discovered oldest mandible of a winged insect may suggest that the winged insects are 
80 million years older than previously thought (Engel & Grimaldi 2004), which would 
mean that winged adult insects existed about 400 million years ago. However, this does 
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not indicate that these winged insects had terrestrial larvae or not. The concept of an 
earlier origin of insects at a time when the terrestrial environment was generally hostile 
with little vegetation, would indicate that the fossil record is far less complete than 
previously imagined. The hypothesis that metamorphosis evolved in amphihiotic 
ancestors of the winged insects is not significantly affected hy any evidence for or 
against a hypothetical terrestrial stage ancestral to Ephemeroptera. Such a hypothesis is 
not considered within this paper since the explanation of metamorphosis is the same as 
in the aquatic model. The aquatic model provides potential answers to problems which 
are not explained in the terrestrial model, so it needs to he examined carefully before 
we accept an extra hypothetical stage in the evolution of the winged insects. 

DISCUSSION 

Independent adaptations to terrestrial or aquatic life ? 

Generally, there is agreement that insects have crossed environmental barriers from 
aquatic to terrestrial life or vice versa on numerous occasions, whether we follow an 
aquatic model or a terrestrial model for the evolution of insects. When an environmental 
barrier is crossed, such as from aquatic to terrestrial life, major adaptations have to 
occur. Such a transition would affect the digestive, respiratory, locomotory and 
circulatory systems, in addition to vision, which would all have to be significantly 
modified in order to allow for life within a terrestrial environment (Toms 1984fl; Little 
1990). One of the most important changes is the development of the respiratory system 
and this has been seen as a difficulty for the aquatic model. However, it has been 
suggested that the tracheal respiratory system first evolved in ancestral insects, which 
began to leave water for part of their life. Tracheae developed in the adult stages and 
their branches subsequently ramified into abdominal appendages of aquatic immatures 
(Riek 1971). When an environmental barrier is crossed several times in the same 
direction, we should find evidence of independent adaptations to the new environment, 
and several possible test cases have already been identified and discussed (Toms 1984a, 
1986). Although the terrestrial model suggests that insects moved from land to fresh 
water on many occasions, a process which was well understood by Miall in 1895, they 
surprisingly seldom colonised the marine environment. In contrast, the aquatic model 
suggests that winged insects originated in fresh water and became terrestrial a few 
times, the paucity of marine insects is thus less surprising. According to both models, 
many habitat changes occurred in both directions providing us with an opportunity to 
investigate the direction of evolution and finding a way of rooting the phylogenetic 
tree. 

Recent developments 

Recent evidence shows that there are more similarities between ribosomal and 
mitochondrial DNA of insects and crustaceans than between insects and myriapods 
(Regier & Shultz 1997; Boore et al. 1995; Friedrich & Tautz 1995; Cameron et al. 
2004), indicating that Myriapoda and Insecta are probably not monophyletic as was 
commonly assumed (Little 1990). The remarkable similarity in the construction of the 
brains of insects and crustaceans supports this conclusion (Osorio et al. 1995). This 
means that one of the most important assumptions which supports the theory that insects 
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evolved from terrestrial myriapods is no longer valid and that they might have actually 
arisen from some ancestral aquatic Crustacea. Averof and Cohen (1997) found that 
homeohox genes expressed in fruit fly {Drosophila) wings are also expressed in 
crustacean exopodites or gills, suggesting that wings may he ancient appendages dating 
hack to Crustacea, and not relatively ‘recent’ novelties. This discovery is significant, 
since it contradicts the paranotal-lohe theory for the origin of insect wings in silverfish- 
like ancestors and thus excludes Zygentoma as plausible ancestors of winged insects 
(Quartan 1985; Hasenfuss 2002). Since the hypothesis that wings are new developments 
has heen discredited (Averof & Cohen 1997), it is proposed that the ancestors of winged 
insects must have had appendages from which wings could have evolved, and may 
have resembled primitive mayfly larvae (Kukalova-Peck 1985; Marden & Kramer 1994; 
Will 1995). 

Ancestors of holometabolous insects 

The origin of holometabolous insects is one of the key events in the evolution of 
winged insects. Traditional classifications assume that Holometabola are monophyletic 
and that their undisclosed ancestor was terrestrial (Hennig 1981). However, in the aquatic 
model, terrestrial holometabolous larvae may be polyphyletic. The most probable 
ancestral groups are Ephemeroptera, Plecoptera, Megaloptera, Trichoptera and 
amphibiotic Mecoptera, and the most important primitive characteristic is an aquatic 
life-style of their larvae. 

Although several molecular phylogenies have appeared (e.g. Giribet & Ribera 
2000; Wheeler et al. 2001; Whiting 2002; Bitsch et al. 2004), there is no clear 
evidence that terrestrial orders are primitive and there is a lack of plausible ancestors 
for the amphibiotic orders. Recent evidence from ribosomal DNA consistently 
points to a close relationship between Trichoptera and Lepidoptera (Giribet & Ribera 
2000), but the larvae of Trichoptera are aquatic while those of Lepidoptera are 
generally terrestrial and those species with aquatic larvae are relatively specialised. 
The close relationship between Trichoptera and Lepidoptera is generally accepted, 
but the primitive state of the larvae (aquatic or terrestrial) is controversial (Hennig 
1981). The egg, larva and pupal stages of the life cycle of Trichoptera are all aquatic 
and the adults re-enter the water to lay eggs (Morse 1997), suggesting that aquatic 
larvae may be primitive. Significantly, new evidence from ribosomal DNA suggests 
that Trichoptera consistently form a lower branch in the clade composed of 
Lepidoptera and Trichoptera (Giribet & Ribera 2000), pointing towards an aquatic 
habitat for the ancestral larvae. A similar situation exists in the case of Megaloptera 
(Haring & Aspock 2004), where Megaloptera appear to be more primitive than 
Neuroptera and have aquatic larvae. In the aquatic model, it may be suggested that 
the origin of a terrestrial lifestyle in the larval stages was a major event in the 
origin of Neuroptera (Aspock 2002). 

Evolution of insect eyes 

Another relevant development is a review of information concerning the structure 
of the eyes (stemmata) of holometabolous larvae (Gilbert 1994). Gilbert found that in 
comparison to the eyes of hemimetabolous nymphs that are similar to those of the 
adults, eyes of holometabolous larvae are highly reduced and very different from those 
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of the adults. The only holometaholous larvae with vestigial compound eyes are 
Mecoptera (Gilbert 1994), notably the aquatic larvae of Nannochoristidae (Byers & 
Thornhill 1983). The Nannochoristidae have a suite of characters that are presumably 
primitive for Mecoptera and occupy the basal branch in Mecoptera phytogeny 
(Willmann 1987), and there is a trend towards the reduction of eyes from primitive 
aquatic species to advanced terrestrial species, as in other holometaholous larvae. In 
the aquatic model, the reduction in size of larval eyes could have arisen as a consequence 
of aquatic larval life, where the visual requirements in aquatic larvae were different 
from those of the terrestrial adults. The original reduction of larval eyes of holo- 
metabolous larvae must have occurred very early in their evolution, coinciding with 
the origin of metamorphosis, at a time when adaptation to different environments was 
prevalent at different stages within an amphibiotic life cycle (Toms 1984h). In 
Coleoptera, Crowson (1981) argued that reduction in numbers of stemmata from the 
maximum number of seven pairs (also found in some Mecoptera) is an irreversible 
evolutionary event, and that the number of stemmata is a good phylogenetic character 
since it is consistent with our understanding of Coleoptera phytogeny. It appears that 
Crowson’s rule regarding reduction in stemmatal number may be true for all holo- 
metabolous insects if the aquatic model is valid. However, in the terrestrial model, one 
would have to suggest a reason for reduction of stemmata in terrestrial larvae and a 
reversal or increase in the number of stemmata in aquatic larvae. For example, referring 
to Gilbert (1994), aquatic megalopteran larvae typically have seven pairs of stemmata 
while most terrestrial larvae have fewer. Although neuropteran larvae primitively 
possess seven pairs of stemmata, the most ventral stemma is reduced in all taxa 
examined. In Coleoptera, the maximum number of six pairs is found in primitive aquatic 
adephagous larvae, while in Diptera the primitive number of stemmata (found in aquatic 
Nematocera larvae) is five pairs. Most of the primitive flies (Nematocera) have aquatic 
or semiaquatic larvae (Yeates & Wiegmann 1999), and this needs to be explained, 
together with the evolution of the unique respiratory systems of Diptera larvae (Clarke 
1979). Such systems can be seen to reflect important apomorphic characters that may 
have originated as an adaptation to life in anaerobic water, allowing aquatic larvae to 
breathe air. In the aquatic model, the possibility that primitive Nematocera remained 
aquatic but developed the ability to breathe gaseous oxygen is congruent with the 
apparent trend from wet to drier habitats (such as fruit and dung) in fly larvae. If 
Diptera larvae developed the ability to breathe gaseous oxygen independently of other 
orders we would expect to find additional independent adaptations to terrestrial life, 
such as alterations in blood physiology. In fact, Diptera may have a strong dependence 
on Na'^ rather than Cf ions in their haemolymph unlike other aquatic insects where the 
reverse is often true (Sutcliffe 1963). 

The basic number of seven pairs of lenseless stemmata is also found in Trichoptera 
larvae (Gilbert 1994), and these amphibiotic insects, together with Megaloptera, are 
regarded as primitive holometabolans within the aquatic model. In the terrestrial model, 
it has been seen as an anomaly that Trichoptera larvae are aquatic (specialised), while 
in other ways Trichoptera are more primitive than Lepidoptera (Hennig 1981). If aquatic 
Trichoptera larvae are advanced, it is also an anomaly that some of them have the 
primitive number of seven pairs of stemmata. Larvae in the primitive lepidopteran family 
Agathiphagidae also have seven pairs of stemmata, but in the Micropterygidae, which 
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are sometimes regarded as the most primitive family in the terrestrial model, there are 
only five pairs of stemmata (most Lepidoptera larvae have six pairs of stemmata). 

Testing the models 

Differences in interpretation of the aquatic and terrestrial models require that tests he 
set up in order to refute one of the models. If aquatic insects are more primitive, the 
most parsimonious phylogenetic tree would have an aquatic stem with amphihiotic 
orders forming the hasal branches from which terrestrial orders evolved. In contrast, a 
terrestrial model predicts that we should find a terrestrial stem with hoth terrestrial and 
aquatic branches. Terrestrial models that date back to Aristotle have failed to provide a 
framework capable of making verifiable predictions, and many anomalies exist. 
However, many observations that seem odd in the terrestrial model are anticipated in 
the aquatic model, which also suggests solutions to problems. For example, the 
difficulties experienced in explaining the origin of Hymenoptera may be a consequence 
of the larval stage of this group moving from aquatic to terrestrial life, which could 
have affected the morphology of the adult because they share the same genes. Lepidoptera 
may be viewed as Trichoptera with terrestrial larvae and the adaptation to terrestrial life 
is likely to have provided the driving force for the evolution of lungs in Lepidoptera 
larvae (Locke 1998) as well as a wide array of hexamerines in their highly developed 
haemolymph (Sutcliffe 1963; Telfer & Kunkel 1991). An interesting finding from 
ribosomal DNA, is that grasshoppers and crickets consistently resolve in different clades 
(Giribet & Ribera 2000), suggesting that the division between them is ancient and more 
significant than that between, for example, Trichoptera and Lepidoptera. This indicates 
that Kevan (1986) may have been correct in suggesting that the suborders Caelifera 
(grasshoppers) and Ensifera (crickets, katydids etc.) should be regarded as different 
orders because there are many differences between them and no shared apomorphies. 
Jumping legs may have evolved independently in Caelifera and Ensifera, as a result of 
adaptation to terrestrial life in the larval stages. 

CONCLUSION 

By focussing on major differences in the aquatic and terrestrial models, it should be 
possible to refute one of the models, establish a secure root for the insect phylogenetic 
tree and resolve most of the basic interrelationships between the different orders. It is a 
pity that data on the most interesting insects from a phylogenetic point of view, such as 
Megaloptera and Trichoptera, has seldom been collected. This would not have occurred 
if due attention had been given to the alternative predictions of the aquatic model. If 
evolutionary theory is used to make testable hypotheses and more attention is paid to 
problem solving, this will dramatically increase the rate at which progress is made. 
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